Cerebral malaria (CM) is a severe complication of Plasmodium falciparum infection associated with impaired cerebral blood flow. Visualization of the eye vasculature, which is embryologically derived from that of the brain, is used clinically to diagnose the syndrome. Here, we introduce camera-phone laser speckle imaging as a new tool for in vivo, noncontact two-dimensional mapping of blood flow dynamics in the experimental cerebral malaria (ECM) murine model of Plasmodium berghei ANKA. In a longitudinal study, we show that the camera-phone imager can detect an overall decrease in the retinal blood-flow-speed (BFS) as ECM develops in P. berghei ANKA infected mice, with no similar change observed in uninfected control mice or mice infected with a non-ECM inducing strain (P. berghei NK65). Furthermore, by analyzing relative alterations in the BFS of individual retinal vessels during the progression of ECM, we illustrate the strength of our imager in identifying different BFS-change heterogeneities in the retinas of ECM and uninfected mice. The technique creates new possibilities for objective investigations into the diagnosis and pathogenesis of CM noninvasively through the eye. The camera-phone laser speckle imager along with measured spatial blood perfusion maps of the retina of a mouse infected with P. berghei ANKA-a fatal ECM model-on different days during the progression of the infection (top, day 3 after infection; middle, day 5 after infection; and bottom, day 7 after infection).
Funding information
Cerebral malaria (CM) is a severe complication of Plasmodium falciparum infection associated with impaired cerebral blood flow. Visualization of the eye vasculature, which is embryologically derived from that of the brain, is used clinically to diagnose the syndrome. Here, we introduce camera-phone laser speckle imaging as a new tool for in vivo, noncontact two-dimensional mapping of blood flow dynamics in the experimental cerebral malaria (ECM) murine model of Plasmodium berghei ANKA. In a longitudinal study, we show that the camera-phone imager can detect an overall decrease in the retinal blood-flow-speed (BFS) as ECM develops in P. berghei ANKA infected mice, with no similar change observed in uninfected control mice or mice infected with a non-ECM inducing strain (P. berghei NK65). Furthermore, by analyzing relative alterations in the BFS of individual retinal vessels during the progression of ECM, we illustrate the strength of our imager in identifying different BFS-change heterogeneities in the retinas of ECM and uninfected mice. The technique creates new possibilities for objective investigations into the diagnosis and pathogenesis of CM noninvasively through the eye. The camera-phone laser speckle imager along with measured spatial blood perfusion maps of the retina of a mouse infected with P. berghei ANKA-a fatal ECM model-on different days during the progression of the infection (top, day 3 after infection; middle, day 5 after infection; and bottom, day 7 after infection).
diagnostic testing [1] -requirements that may be difficult to achieve in regions where malaria is endemic. A definitive diagnosis of CM relies upon the exclusion of other causes of coma and examination for the presence of sequestered parasitized red blood cells in the brain microvasculature, criteria that may conclusively only be met at autopsy [2, 3] . In recent years, efforts have been made to narrow the gap between the clinical and definitive diagnoses of CM by including malarial retinopathy as an in vivo indicator of cerebral sequestration of malaria-infected red blood cells [4, 5] . The diagnosis of malarial retinopathy is made using an indirect ophthalmoscopic examination that visualizes the interior structures and vasculature of the eye to identify retinal hemorrhages, discoloration of retinal vessels, and retinal whitening. While this examination has proven to improve the diagnostic accuracy of CM and assess disease severity, it provides no direct functional information on retinal blood flow, which is known to be impaired in CM and is the genesis of the retinal abnormalities [4] [5] [6] . Existing optical technologies that have enabled measurements of blood flow and/or speed in mucosal membranes or in the eye of CM patients include fluorescein angiography (FA) [6] , orthogonal polarization spectral imaging (OPSI) [7] , and laser Doppler flowmetry (LDF) [8] . Although these approaches have allowed a better understanding of the pathogenesis of CM as well as have the potential for improving the clinical diagnosis of CM, OPSI can disrupt vessel blood flow (as OPSI probes need to be in contact with the tissue surface), LDF requires long measurement times (due to the point-by-point scanning nature of the method), and FA is invasive (because it involves the injection of a contrast agent into the blood stream). Other imaging techniques that have revealed important functional information on blood flow in human and experimental CM (ECM) are magnetic resonance imaging [9, 10] , transcranial Doppler ultrasound [11] , intravital microscopy [12, 13] , single-photon emission computed tomography [14] , and (18)F-fluorodeoxyglucose positron emission tomography [15] ; however, all these techniques are rare in malaria-endemic areas.
Here, we show a new noninvasive strategy, based on laser speckle imaging on a camera phone [16, 17] , to visualize and quantify retinal blood circulation dysfunction in ECM in a murine model in vivo, without the need for scanning, or contact with, the eye. Using a clustering analysis over relative blood-flow-speed (BFS)-change maps of individual retinal vessels during the progression of ECM, we demonstrate the strength of camera-phone-based laser speckle imaging in identifying differences in the BFSchange heterogeneity in the retinal vessels of mice with ECM and of uninfected mice. The method holds the promise of providing an automated, point of care method for retinal assessment of CM.
| METHODS

| Camera-phone-based laser speckle imaging for retinal BFS visualization in the mouse eye
To visualize the retinal circulation in the mouse eye using a camera-phone-based laser speckle imager, we designed a prototype system with a collimated, highly coherent red laser for laser speckle imaging, and a white light ring illuminator (KL 2500 LCD, Zeiss, Germany) for initial alignment and bright field imaging of the eye ( Figure 1A ). The red laser used was a helium-neon laser (633 nm, CVI Melles Griot, USA) coupled to a fiber collimator (Schäfter + Kirchhoff, Germany), uniformly illuminating the mouse eye. A magnification-varying lens (MLH-10×, Computar, USA) was attached to the camera phone (inset in Figure 1A ) to provide a field-of-view diagonal of 5.8 mm ( Figure 1B ) and a half-pitch resolution of 17 μm for mouse retinal imaging ( Figure S1 in Appendix S1, Supporting Information). The camera-phone imager (Sony-Ericsson, USA) was stabilized on a stand and included a 1/3.2 inch camera sensor with a~1.4 μm pixel size and 24 bits per pixel, enabling video acquisitions at 30 framess −1 with 1280 × 720 pixels and H.264 compression. To yield images of higher quality, the eye was illuminated vertically, parallel to the optical axis of the camera-phone, using a nonpolarizing beam splitter (33:67, Thorlabs, USA). In addition, two polarizers (Thorlabs) with orthogonal orientation were placed after the laser source and before the camera-phone, reducing specular reflections from the eye surface. Multiple speckle images of the retina were acquired by the camera-phone over 5 seconds at 30 framess −1 , and subsequently processed to obtain the normalized reciprocal of the squared temporal speckle contrast values in individual pixels (so-called normalized BFS indices [18] ), yielding two-dimensional normalized-speed spatial maps of blood flow in the retina ( Figure 1C ).
| Temporal speckle contrast processing
Normalized-speed spatial maps of blood flow were produced from speckle imaging data acquired by the cameraphone imager by computing the reciprocal of the squared temporal speckle contrast K − 2 is proportional to the mean local speed of scatterers, such as blood cells, in the circulation, and is defined as the ratio of the squared of the temporal sample mean I 2 t to the temporal sample varianceσ 2 t of the speckle intensity in an individual pixel [18] [19] [20] [21] . Here, I 2 t andσ 2 t (and hence K − 2 t ) were computed in pixel (m,n) over 30 successive speckle frames using only the red channel of the demosaiced Bayer data of the camera sensor. The final value of K − 2 t in each pixel was obtained by averaging 10 values of K − 2 t evaluated from a 4-second-long speckle video sequence, which was extracted from a 5-second-long speckle video acquisition without the 15 first and last frames, with a temporal moving window of 30 samples shifted in increments of 10 samples. This final K − 2 t value was then normalized to the mean value of K − 2 t across the retinal vessels of all uninfected control mice used during the days of the longitudinal study, providing the normalized BFS index in each pixel. This processing procedure was effective in reducing measurement noise and in sampling the temporal fluctuations of the laser speckles (possibly with decreased precision due to the camera H.264 lossy compression), as validated by the linear relationship measured between the normalized K − 2 t and the flow speed in a flow phantom using our camera-phone-based laser speckle imaging system ( Figure S2 in Appendix S1). To determine the normalized index of the global (local) retinal BFS on a specific day, the normalized K − 2 t values of all retinal vessels (of an individual retinal vessel) were averaged together following retinal segmentation from the normalized-speed spatial maps of blood flow with an algorithm adopted from Bankhead et al [22] ( Figure S3 in Appendix S1). All the above computations were performed using MATLAB (MathWorks, USA) on a standard personal computer. No numerical methods were required to compensate for possible motion artifacts during speckle video acquisitions.
| In vivo retinal BFS imaging of the mouse eye
Mice were anesthetized with an intraperitoneal injection of ketamine/xylazine mixture (150/15 mg/kg of body weight) to keep them motionless during imaging. The mouse head was placed in a head holder (Kopf Instruments, USA) mounted to a three-dimensional linear translational stage (Thorlabs), enabling manipulation of the mouse head orientation for coupling of the mouse eye to the illuminating beam. The mouse right pupil was dilated by topical administration of one drop of 1.0% tropicamide eye drops, and the cornea was covered with an artificial tear gel (Novartis, Switzerland) and a #1.5 coverslip (Thermo Fisher Scientific, USA) to cancel light refraction. Prior to laser speckle imaging on a specific day, initial alignment and focusing of the mouse eye was performed for several minutes by bright field imaging of the retina using the laser speckle imaging instrument, but with a white light ring illuminator ( Figure S4 in Appendix S1). Mouse eyes that exhibited a cloudy cornea (due to dehydration) were not imaged on that specific day. For laser speckle imaging, the focal length and fstop of the zoom lens were set to provide a field-of-view diagonal of~5.8 mm, a half-pitch resolution of 17 μm, and 12 to 16 pixels per speckle, with~3 to 4 red Bayer pixels and~9 to 12 red interpolated pixels. During imaging, laser speckle images of the mouse eye were captured by 1280 × 720 pixels at 30 frames-s −1 over 5 seconds using 35 μW laser power on the retina-lower than the maximum permissible exposure for human eye [23] . All the experiments were performed with the approval of the Weill Cornell Medical College Institutional Animal Care and Use Committee.
| Imaging and analysis of retinal BFS in ECM and uninfected mice
To explore the potential of the camera-phone-based laser speckle imager to noninvasively visualize retinal circulation dysfunction in ECM, we collected with the camera-phone imager in vivo speckle video sequences of the retina in mice infected with Plasmodium berghei (Pb) ANKA-a fatal ECM model (see Note S1 in Appendix S1)-on days 3, 5, 7 after infection. These day time-points were defined as the early, intermediate, and advanced stages of the infection, respectively, with the monitoring of the peripheral parasitemia and body weight measurements immediately prior to imaging (see Note S1 and Figure S5 in Appendix S1). Parasitemia was rarely observed by Giemsa microscopy until day 3 in the animal model used here (see Figure S5A in Appendix S1). Therefore, BFS measurements started on day 3. In addition, for control purposes, we used the camera-phone imager to acquire 5-second-long speckle video sequences of the retina of uninfected mice on the same days as for the infected mice. The recorded speckle imaging data was processed to yield normalized-speed spatial maps of retinal blood flow in the eye of the Pb ANKA infected and uninfected mice on days 3, 5, 7 after infection. Maps of a representative infected and uninfected mouse are depicted in Figure 2A -C and D-F, respectively. Using these maps, we determined the normalized BFS indices locally (ie, of individual retinal vessels; vertical bars in Figure 2G -H) and globally (ie, of all retinal vessels together; closed dots in Figure 2G -H) for the Pb ANKA infected ( Figure 2G ) mouse and the uninfected ( Figure 2H ) control. Our results show that: (1) as the severity of ECM progressed, BFS in the retina of the infected mouse decreased locally, in most of the vessels, and globally; (2) there was no decreasing trend with time in the local or global retinal BFS of the uninfected mouse. The global retinal BFS of the uninfected mouse remained mostly unchanged over time. A similar behavior was observed for the local BFS of some retinal vessels of the uninfected mouse; and (3) the global BFS in the retina of the infected mouse was higher than that of the uninfected mouse on the early stage of the infection, but lower on the advanced stage. The levels of the global BFS on the intermediate infection stage were similar between the retinas of the Pb ANKA infected mouse and the uninfected control mouse. We further confirmed statistical significance of all the above trends and features in the global retinal BFS using 13 Pb ANKA infected mice and 12 uninfected controls ( Figure 2I ; see Note S2 in Appendix S1).
| Imaging and analysis of retinal BFS in non-ECM and uninfected mice
Next, as a further control, we tested the camera-phone-based laser speckle imager on the retina of mice infected with Pb NK65 (termed as non-ECM mice), a strain which results in a syndrome of severe malaria but does not cause ECM. Repeating the same imaging experiments and speckle image analysis as before, but with a longer longitudinal study period due to the time course of the disease in this strain (see Note S1 in Appendix S1), we obtained normalized-speed spatial maps of retinal blood flow in the eye of Pb NK65 infected and uninfected mice on various days after infection, until death of the non-ECM mice. Maps of a representative infected and uninfected mouse are depicted in Figure 3A -E, F-J, respectively. The progression of the infection was again monitored by assessing peripheral parasitemia and body weight immediately prior to imaging (see Note S1 and Figure S6 in Appendix S1). These maps show no evident trend with time in the local and global retinal BFS of the non-ECM mouse and the uninfected mouse. Furthermore, by multiple independent imaging experiments on the retinas of different non-ECM and uninfected mice, we found no 16, 14, 13, 8, 6, 4 non-ECM mice and 9, 9, 10, 6, 4, 3 uninfected controls were imaged on days 3, 5, 7, 10, 12, 14 subsequent to initial infection with Pb NK65, respectively. Error bars are standard errors from the mean. Statistical significance was not found between days-after-infection and mouse group type, and their interaction factor significant statistical difference in the global retinal BFS of the Pb NK65 infected mice with the progression of severe malaria without ECM (left panel of Figure 3K ). We also detected no significant statistical differences between the global retinal BFS of the non-ECM and uninfected mice ( Figure 3K ; see Note S2 in Appendix S1).
| Analysis of relative changes in BFS of individual retinal vessels in the eye of ECM and uninfected mice during infection progression
Finally, to evaluate the BFS-change heterogeneity in the retinal vessels of mice with ECM during the progression of the infection, we developed an image clustering analysis (see Note S3 in Appendix S1) that enables to map local BFS alterations in individual retinal vessels between successive stages of ECM relative to the BFS of the vessels on the early infection stage ( Figure 4A , intermediate and early stages; Figure 4B , advanced and intermediate stages), and then to cluster the vessels into different groups according to the resulting relative local BFS changes between the successive infection stages ( Figure 4C ). In total, 137 retinal vessels from 13 ECM mice were clustered into three groups, represented by centroids (blue stars), that all showed a reduction in the relative local BFS in either the intermediate or advanced stage (or both) of the infection (see inset arrows in Figure 4C ). Two-thirds of these vessels had a negative relative change in their BFS on both the intermediate and advanced stages of the infection, yielding a shift in the vertex of the groups (or the grand centroid of the groups) to the negative sides of the origin (see black triangle in Figure 4C ). For comparison, we also analyzed the BFS-change heterogeneity in the retinal vessels of the uninfected control mice on the same days as for the ECM mice ( Figure S7 in Appendix S1), and found that, unlike the clusters of retinal vessels in the ECM mice, here all retinal vessel clusters showed an increase in the relative local BFS changes on either days 5 or 7 (or both) after the infection of mice with Pb ANKA, as indicated by the cluster centroids (see green stars and inset arrows in Figure S7C in Appendix S1). In contrast to the ECM mice, the majority of the vessels in the uninfected mice (79%) did not show a negative relative change in their BFS between days 5 and 3, and days 7 and 5, resulting in a slight shift in the vertex of the groups (or the grand centroid of the groups) to the positive sides of the origin (see black triangle in Figure S7C in Appendix S1). These results fit well with the previous observations that the global BFS was reduced during the infection progression in the ECM mice, but remained mostly unchanged, with a small statistically insignificant increase between successive days, in the uninfected control mice (see Figure 2I ).
| DISCUSSION
Laser speckle imaging is an experimentally validated, noncontact and full-field technique that quantifies spatially and/or temporally the local blurring in interference patterns of coherent light scattered from blood tissue (so-called speckle contrast) to rapidly image blood flow dynamics [19] . Laser speckle imaging has widely been applied for the noncontact, in vivo spatial mapping of BFS in various organs, including the brain and the eye of both animals and humans [18, 19, [24] [25] [26] . In this study, we provide the first demonstration of visualizing and quantifying noninvasively, and without contact, the retinal blood circulation dysfunction in ECM murine model in vivo using temporal laser speckle imaging. Temporal (rather than spatial) contrast analysis was selected because it enables BFS mapping with reasonably high spatial resolution and a temporal resolution of a few seconds, and is relatively less sensitive to light scattering from static scatterers [18] [19] [20] . We implemented a laser speckle imaging system with a camera-phone, thereby showing the potential of simple imagers for future developments of retinal laser speckle imaging in malaria.
In general, laser speckle imaging cannot provide BFS index values in absolute numbers, because the measured speckle contrast is proportional to the mean local speed of blood cells with an offset factor that accounts for the non-zero contrast measured during complete blood occlusion. In addition, laser speckle imaging cannot determine the cause of the abnormal BFS. However, in the correct clinical context, as with indirect ophthalmologic examinations, the inference that the changes reflect the pathophysiologic consequences of CM infection can be made. In particular, our results suggest that for diagnostics and/or assessment of the severity of CM in humans, retinal BFS will have to be measured by laser speckle imaging over time to identify impaired blood flow. The observation of the decreasing global retinal BFS with the progression of ECM using our camera-phone-based laser speckle imager is consistent with previous results reported on retinal and cerebral blood flow dynamics in ECM in a murine model using retinal wholemounts [27] and brain intravital microscopy [12] , respectively. Our imager demonstrated an increase in the global BFS in the retina of Pb ANKA infected mice on day 3 after infection (relative to that observed in the eye of uninfected control mice). Such a change was not described in [12, 27] , perhaps due to the different measurement timings, but it might be related to findings of hyperdynamic blood flow in severe malaria [7, 11] . Further correlative studies of retinal and cerebral BFS in ECM using laser speckle imaging, for example, with the same instrument presented in this work, might be useful in elucidating this behavior. In addition to measuring global BFS, our imager along with clustering analysis showed a marked difference between the heterogeneity of the relative changes in BFS of individual retinal vessels of ECM and uninfected mice, suggesting the potential of laser speckle imaging for assessing the heterogeneous circulatory alterations in severe malaria with increased statistical sampling. Finally, despite the similarities in the pathogenesis of human and ECM, the apparently different mechanisms that alter blood flow dynamics during human CM and ECM in a murine model [12, 27, 28] will require the conduct of human trials for a definitive evaluation of the clinical utility of our imager, including in monitoring blood flow restoration during recovery from CM infection.
A shortcoming of our camera-phone-based laser speckle imaging system is that it used a single exposure time for all speckle image acquisitions, limiting the dynamic range of measurable BFS (and hence the visibility of capillary flows) as well as requiring extra care in keeping identical experimental conditions throughout the various image acquisitions. Possible solutions for these limitations include the imaging of laser speckle with multiple exposure times [21, 29] -methods that might be realizable with faster camera-phones, for example, the Samsung galaxy S7 at frame rates of up to 240 frames-s −1 -and the use of image processing techniques that attempt to enhance the contrast of laser speckle images [30, 31] . We note that by taking advantage of the shorter exposure times of faster camera-phones, the sensitivity of our current imager could be improved beyond 10 mm-s −1 , possibly enabling more accurate measurements of faster BFS in the major retinal vessels of mice and humans. Moreover, by increasing the laser power within the permissible exposure limit for ocular safety (a task that could be facilitated using near-infrared laser light) [23] , the use of faster camera-phones might shorten to less than 1 second the total time for acquiring low-noise speckle video sequences of the retina, thus assisting in alleviating patient discomfort during imaging and in recording speckle video sequences in young children with uncomplicated malaria, in whom indirect ophthalmologic examinations are generally not feasible. The clinical tolerability of such rapid, quantifiable retinal imaging could provide a novel biomarker for the progression of the malarial disease to CM.
Although a large red laser for eye illuminating and a zoom lens for close-up imaging were used in this work, future developments of camera-phone-based laser speckle imagers in malaria could employ detachable camera-phone zoom lenses and compact visible or near-infrared diode lasers, potentially facilitating the use in resource-limited settings. While a careful examination of the performance of low-cost diode lasers in camera-phone-based laser speckle imaging systems is still required (due to the short coherence length and large intensity noise of these lasers compared to helium-neon lasers), recent works have successfully used laser pointers in laser speckle imaging of the brain and skin [32, 33] , implying that adequate low-cost illuminators for laser speckle imaging systems are realizable. In addition, these future imagers could possibly process the raw speckle imaging data using the phone's central processing unit to display the spatial speed maps of blood flow directly on the phone's screen [16] , or remotely for telemedicine, and could perhaps be used handheld by employing head fixation and numerical image stabilization methods, such as speckle image registration [34] . The development of automated software algorithms to analyze the blood perfusion patterns could further enhance the utility of our technique in resource poor clinical settings where access to indirect ophthalmoscopic systems and personnel with technical expertise is limited [5] .
As a final remark, research and clinical applications in other important eye diseases, such as diabetic retinopathy, may benefit from mapping disturbances in normal retinal BFS using laser speckle imaging [35] on a camera-phone platform-a technological platform that has a significant potential to increase the accessibility of noninvasive retinal blood flow imaging worldwide.
